
SANDIA REPORT 
SAND92-0347 UC-910 
Unlimited Release 
Printed May 1993 

*8569565* 

SANDIA NATIONAL 
LABORATORIES 

TECHNICAL LIBRARY 

Comparison of Analytic Whipple Bumper 
Shield Ballistic Limits with CTH Simulations 

Eugene S. Hertel, Jr. 

Prepared by 
Sandia National Laboratories 
Albuquerque, New Mexico 87185 and Livermore. California 94550 
for the United States Department Of Energy 
under Contract DE-AC04-76DP00769 

SF2900Q(8-81) 



Issued by Sandia National Laboratories, operated for the United States 
Department of Energy by Sandia Corporation. 
NOTICE: This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States Govern- 
ment nor any agency thereof, nor any of their employees, nor any of their 
contractors, subcontractors, or their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring 
by the United States Government, any agency thereof or any of their 
contractors or subcontractors. The views and opinions expressed herein do 
not necessarily state or reflect those of the United States Government, any 
agency thereof or any of their contractors. 

Printed in the United States of America. This report has been reproduced 
directly from the best available copy. 

Available to DOE and DOE contractors from 
Office of Scientific and Technical Information 
PO Box 62 
Oak Ridge, TN 37831 

Prices available from (615) 576-8401. FTS 626-8401 

Available to the public from 
National Technical Information Service 
US Department of Commerce 
5285 Port Royal Rd 
Springfield, VA 22161 

NTIS price codes 
Printed copy: A04 
Microfiche copy: A01 



SAND92-0347 
Unlimited Release 
Printed May 1993 

Distribution 
Category UC-910 

Comparison of Analytic Whipple Bumper Shield 
Ballistic Limits with CTH Simulations 

Eugene S. Hertel, Jr. 
Computational Physics Research and Development Department 

Sandia National Laboratories 
Albuquerque, NM 87185 

Abstract 

A series of CTH simulations were conducted to assess the feasibility of using 
the hydrodynamic code for debris cloud formation and to predict any damage 
due to the subsequent loading on rear structures. Six axisymmetric and one 3- 
dimensional simulations were conducted for spherical projectiles impacting 
Whipple bumper shields. The projectile diameters were chosen to correlate 
with two well known analytic expressions for the ballistic limit of a Whipple 
bumper shield. It has been demonstrated that CTH can be used to simulate the 
debris cloud formation, the propagation of the debris across a void region, and 
the secondary impact of the debris against a structure. In addition, the results 
from the CTH simulations were compared to the analytic estimates of the bal- 
listic limit. At impact velocities of 10 km/s or less, the CTH predicted ballistic 
limit lays between the two analytic estimates. However, for impact velocities 
greater than 10 km/s, CTH simulations predicted a ballistic limit larger than 
both analytical estimates. The differences at high velocities are not well under- 
stood. Structural failure at late times due to the time integrated loading of a 
very diffuse debris cloud has not been considered in the CTH model. In addi- 
tion, the analytic predictions are extrapolated from relatively low velocity data 
and the extrapolation technique may not be valid. The discrepancy between the 
two techniques should be investigated further. 
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Introduction

Comparison of Analytic Whipple Bumper
Shield Ballistic Limits with CTH

Simulations

Introduction

It is well known that the principal threat to orbiting space structures results from impact
darnage caused by orbiting space debris. Presently, laboratory facilities are only just

becoming available 1’2’3 for evaluating damage mechanisms or the effectiveness of

protective structures against this debris. In light of such capabilities, analytic methods4’5’6
for predicting impact damage have been used extensively to date. These analytic techniques
generally consist of a fit-to-data at experimentally assessable velocities (to date, at
velocities less than -7.5 km/s) coupled with an extrapolation to higher velocities. The
extrapolations are generally based on energy or momentum partitioning. Hydrodynamics

code simulations of impact events are also used to estimate impact damage. Both of these
techniques have progressed to the point of providing realistic damage assessments,
although, these analyses or models have not been validated at velocities in excess of
-7.5 km/s. Experimental results evaluating various Whipple bumper shields are just
becoming available and are expected to be useful in refining similar analyses.

A requirement for an effective debris shield is that it must protect the spacecraft from
impacts both from the micrometeoroid and orbital debris environment. The
micrometeoroid environment is thought to result from dust-size particles having an
average velocity of 20 krrds, while the orbital debris environment is believed to be
millimeter or centimeter size particles weighing approximately a gram with average
velocities of 10 km/s. It is generally assumed that the average density of the orbital debris

environment is -2.8 gm/cm3, and therefore can be represented by the material properties
of aluminum. The orbital debris environment, which is man-made space debris is more
hazardous than the micrometeoroid environment because of its relatively large mass and
particle size. This makes the design requirements for an adequate bumper shield difficult
to establish. This also places the critical portion the velocity spectrum in a region outside
of conventional experimental techniques to date. It is in this region that a comparison
between the analytic and hydrodynamics code damage predictions has been made.

The next section will give the background of debris shielding and describe the analytic
damage prediction curves that are in use today. The following section will describe the
CTH hydrodynamics code and give the results of the simulations. The final section will
discuss the comparison of the two methods.



Comparison of Analytic Whipple Bumper Shield Ballistic Limits with CTH Simulations

Analytic Ballistic Limit Curves

Bumper Shields as a Technique for Debris Protection

The bumper shield concept originally proposed by Whipple8 remains the basis for all
simple shielding designs under consideration today. The Whipple bumper shield concept
consists of a relatively thin sheet of material that is spaced some distance from the protected
component, usually a thicker rear wall. In theory, incoming projectile impacts the bumper
and are fragmented and dispersed. The protected component must then withstand
encounters with a debris cloud formed from bumper material and the original projectile.
Fimre 1 shows a schematic of a tvDica.1Whil.mle bum~er shield. In theory, the motected

Figure 1. A Typical Whipple Bumper Shield

component can be lightened to offset the additional mass of the bumper structure without

sacrificing the overall impact resistance.

It was realized9 that a number of variables control the effectiveness of such a shield. The
typical variables considered are the size and velocity of the incoming projectile, the bumper
and rear wall thickness, the bumper and rear wall material, and the bumper to rear wall
spacing. The concept of effectiveness is usually described by a ballistic limit curve. The
ballistic limit curve for a particular bumper shield design is given in terms of a critical
diameter of an impacting projectile. The critical diameter of the impacting projectile is that
diameter that just perforates the rear wall. Some organizations chose to include other
darnage criteria, such as detached span, in defining “perforation.” The ballistic limit curve
is defined as the locus of points in critical diameter-velocity space such that any projectile

10



Analytic Ballistic Limit Curves

(at a given velocity) greater in size than predicted by the curve would penetrate the rear
wall. A hypothetical ballistic limit curve is shown in Figure 2.

Rigid Penetration(1)

1.-
n
a
“2
6

Velocity

—. —
Figure 2. Conceptual Ballistic Limit for an Aluminum Whipple-like Bumper Shield

The regions of the curve in Figure 2 are interesting to illustrate the various thermodynamic
phase changes that take place in aluminum-on-aluminum impacts. The fu-st region ( 1) is

that of rigid penetration, at low velocity, the bumper is perforated by the projectile and the
rear wall provides most of the stopping power of the shield system. As the velocity
increases, the critical diameter decreases as the energy increases. At some point (2), the
incoming projectile starts to fragment and disperse. The critical diameter will then increase
as the individual fragment size becomes the controlling factor in rear wall penetration.
Between impact velocities of 5.7 and 6.9 krrds, a transition from incipient to complete melt
occurs. Near point 3, even though the debris cloud is composed of molten droplets, the
energy increases so that the critical diameter will decrease. At velocities above 10.4 km/s

(4), the debris cloud should start to vaporize. Even though vaporization starts at -10 km/s,
some condensed phased material will be present in the debris cloud for very high impact
velocities. It may be the effect of this residual condensed material that accounts for the
relatively low critical diameter at very high impact velocities.

The current analytic ballistic limit curves will be discussed in the following sections. The
disagreement between the analytic curves is centered in the velocity regime above 8 km/s
which are above experimentally assessable impact velocities.

Wilkinson Ballistic Limit Curve

The Wilkinson4 equation was formulated almost entirely from analytical considerations,
with relatively little correlation with experimental data. This method relies on classical
fragmentation and penetration theory to develop the debris cloud and predict rear wall

11
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perforation. Rearranging the equations from Reference 4 to yield an expression in terms of
critical diameter gives:

dC = 1.2878( (KC.) (tbt,) ( (pbp,) /V) ) “fi/~. (1)

The terms are defined as

dc critical diameter (cm)

K constant depending on rear wall material (-0.6)

C~ sound speed of rear wall material (km/s)

tb bumper thickness (cm)

q rear wall thickness (cm)

pb bumper density (gm/cm3)

pr rear wall density (gm/cm3)

V projectile velocity (km/s)

S bumper-rear wall spacing (cm)

p projectile density (gm/cm3).

In the original publication, this curve is used throughout the velocity spectrum. At this time,
a curve fit to the experimental database is used for velocities below -7 km/s. The next
section will describe the fit to experimental data. Figure 3 shows the form of the Wilkinson
curve for the particular Whipple design considered in this report.

The design that was analyzed for this report is as follows. The projectile is assumed to be
spherical and composed of 1100-0 aluminum. The bumper consists of a 50 mil (O.127 cm)
6061-T6 aluminum sheet. The rear wall consists of a 125 mil (0.3 175 cm) 2219-T87
aluminum sheet. The spacing between the bumper and rear wall is taken as 4.0 inches
(10. 16 cm). Additional parameters necessary to evaluate Equation 1 are C,= 5.3 knds,

pb = 2.71 grn/cm3, pr = 2.71 gm/cm3, and p = 2.85 gm/cm3.

Cour-Palais Ballistic Limit Curve

The original Cour-Palais5 ballistic limit is refereed to as semi-empirical because it relies on
a fit to experimental impact data at velocities below -.7 km/s. The extrapolation beyond
-7 knds is based on scaling of the momentum of the debris cloud. The Cour-Palais ballistic
limit curve for velocities greater than 7 km/s is given by:

dc = 4.725 (t,/V)n (S/P) ‘3( l/p,) lB (6/70) ‘3. (2)

The terms are defined as

dc critical diameter (cm)

~ rear wall thickness (cm)

12
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Figure 3. Wilkinson Ballistic Limit for a Whipple Bumper Shield

pr rear wall density (gm/cm3)

V projectile velocity (km/s)

S bumper-rear wall spacing (cm)

p projectile density (gm/cm3)
o rear wall yield strength (ksi).

Figure 4 shows the form of the Cour-Palais curve for the particulw Whipple design. .
considered in this report. For the analysis assumed in this report, the parameters used to
evaluate this analytic form are the same as for the Wilkinson curve with the addition of the
yield strength for the 2219-T87 aluminum rear wall (a =52 ksi).

Modified Cour-Palais Ballistic Limit Curve
Christiansen6 has modified the original Cour-Palais curve to include a fit to the
experimental data at velocities below -7 km/s and slightly changed the slope of the curve
above -7 km/s. The modified ballistic limit curve is being used for Space Station Freedom
design purposes. Again, the extrapolation beyond -7 km/s is based on scaling of the
momentum in the debris cloud. The Modified Cour-Palais ballistic limit curve for all
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Figure 4. Cour-Palais Ballistic Limit for a Whipple Bumper Shield
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velocities is given by:

[r

1W9

dc = (t, : +fJW6fi~)]
v<3kmjs (3)

[r 1
1W19

(~r ; +@/ (L248&) ( 1.75- v/4) +
dc = 3km/scv<7km/s (4)

[1.071ty (s/p) ln (l/pr) lB (0/70) 1’3] (v/4 - 0.75)

dc = 3.918 (t,/V)n (~/p) ‘fl (l/p,) l@(0/70) ‘3. V27km/s

Where the terms are defined as

(5)

dc

tb

k

P

pb

Pr
v

s

CJ

critical diameter (cm)

bumper thickness (cm)

rear wall thickness (cm)

projectile density (gm/cm3)

bumper density (gm/cm3)

rear wall density (gm/cm3)

projectile velocity (km/s)

bumper-rear wall spacing (cm)

rear wall yield strength (ksi).

Figure 5 shows the form of the Modified Cour-Palais curve for the particular Whipple
design considered in this report. As before, the same parameters were used to evaluate the
analytic form in Figures 5 and 6. Figure 6 shows a comparison of the three ballistic limit
curves for the same Whipple. From an inspection of Figure
differences lie primarily in the absolute location of the curves,
curves are approaching an asymptote as the velocity increases.

CTH Simulations

CTH Overview

6, one can note that the
not in the slope. All three

The CTH*O code was developed to model a wide range of solid dynamics problems
involving shock wave propagation and material motion in one, two, or three dimensions:
one-dimensional rectilinear, cylindrical, and spherical meshes; two-dimensional
rectangular and cylindrical meshes; and three-dimensional rectangular meshes are
available. A two-step Eulerian solution scheme is used with these meshes. The fwst step is
a Lagrangian step in which the cells distort to follow the material motion. The second step

15
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Figure 6. A Comparison of Three Ballistic Limit Curves above 7 km/s

is a remesh step where the distorted cells are mapped back to the original Eulerian mesh.
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Analytic Ballistic Limit Curves

CTH has several thermodynamic models that are used for simulating strong shock, large
deformation events. Both tabular and analytic equations-of-state are available. CTH can
model elastic-plastic behavior, high explosive detonation, fractu~, and motion of
fragments smaller than a computational cell. The elastic-plastic model is linearly elastic-
perfectly plastic with thermal softening. A programmed burn model is available for
simulating high explosive detonation with ideal gas and Jones-Wilkins-Lee equations-of-
state available for computing the thermodynamic properties of high explosive reaction
products. A special model is available for moving fragments smaller than a computational
cell with the correct statistical velocity, CTH has been carefully designed to minimize the
dispersion generally found in Eulerian codes. It has a high-resolution interface tracker that
prevents breakup and distortion of material interfaces. It uses second-order convection
schemes to flux all quantities between cells.

Computational Technique

Six of the seven CTH simulations assumed normal impacts. The computational geometry
used to simulate the normal impacts was two-dimensional axisymmetric. All six
simulations used identical zoning, material strength models, and equations-of-state. One
CTH simulation was completed to assess the effects of oblique impacts. An impact angle
of 45° was chosen for this single three dimensional simulation. The computational
geometry used to simulate the oblique impact was three-dimensional rectangular. Table 1
lists the velocity, mass, and projectile diameter for the seven CTH simulations. The

Table 1. Projectile Parameters for the CTH Simulations

CTH Model
Ballistic Velocity Mass Diameter

Limit Curve OdS) (g@ (cm)

na8-w Wilkinson 8.0 0.727 0.80

na8-mcp Cour-Palais 8.0 0.487 0.70

na10-w Wilkinson 10.0 0.674 0.78

na10-mcp Cour-Palais 10.0 0.338 0.62

na12-w Willdnson 12.0 0.552 0.73

na12-mcp tour-Palais 12.0 0.224 0.54

na12-ob Cour-Palais 12.0 0.224 0.54

diameters were chosen by evaluating the Wilkinson or modified Cour-Palais analytic
expressions for velocities of 8, 10, and 12 km/s.

The six axisymmetric simulations used the following numerical resolution. The radial (c-
oordinate) zoning starts at 0.0 and consisted of constant zones of width 0.015 cm over a

region 1.0 cm wide. A second region of radial zoning starts at 2.0 cm, ends at 9.0 cm,
and consists of increasing zone size from 0.015 cm to 0.400 cm. The third region starts at
9.0 cm and consists of increasing zone size from 0.400 cm to 0.800 cm to a radius of

17
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15.0 cm. The axial (y-coordinate) zoning starts at -1.0 cm consists of decreasing zone

size from 0.030 cm to 0.015 cm at a position of 0.0 cm. A second region of axial zoning

starts at 0.0 cm and consists of constant zones of length 0.015 cm over a region 1.0 cm

long. A third region of axial zoning starts at 1.0 cm and consists of increasing zone size

from 0.015 cm to 0.075 cm at a position of 6.0 cm. A fourth region of axial zoning starts

at 6.0 cm and consists of decreasing zone size from 0.075 cm to 0.015 cm at a position of

11.0 cm. The last region of axial zoning starts at 11.0 cm and consists of constant zones

of length 0.015 cm over a region 3.0 cm long. This method of zoning the simulations

allows for good resolution (-10 zones across the axial dimension) of the relatively thin

bumper and excellent resolution (-25 zones across the axial dimension) in the rear wall.

In addition, for full second-order accuracy, the zoning is square in those regions of

primary importance in the bumper and the rear wall. A sample CTH input deck is

reproduced in Appendix A.

The single three-dimensional simulation started with the zoning as described in Tables 2

thru 4. To improve the computational el%ciency, the simulation was rezoned at 9 P. The

zoning used after the rezone is described in Tables 5 through 7. This method of zoning

the simulations allows for good resolution (-10 zones) of the relatively thin bumper and

in the rear wall. In addition, for full second order accuracy, the zoning is square in those

regions of primary importance in the bumper and the rear wall. The initial CTH input

deck is reproduced in Appendix B.

Table 2. Initial X Zoning

%ow ‘high A%ow ‘high

-8.0 -2.0 0.350 0.100

-2.0 -0.4 0.100 0.030

-0.4 +0.4 0.030 0.030

+0.4 +2.0 0.030 0.100

+2.0 +8.0 0.100 0.350

Table 3. Initial Y Zoning

Ylow ‘high Aylow “high

-1.000 -0.600 0.070 0.055

-0.600 0.000 0.055 0.031

0.000 ; +0.124 0.031 0.031

+o.1’24 +5.200 0.031 0.250

+5.200 +10.287 0.250 0.040

18



Analytic Ballistic Limit Curves

Table 3. Initial Y Zoning

Ylow ‘high Aylow “high

+10.287 +10.927 0.040 0.040

+10.927 + 12.927 0.040 0.100

Table 4. Initial Z Zoning

%ow ‘high AZ1OW Az~gh

+0.0 +0.42 0.03 0.03

+0.42 +2.02 0.03 0.10

+2.02 +8.02 0.10 0.35

Table 5. Final X Zoning

Xlow ‘high AX1OW ‘high

-5.0 0.0 0.40 0.20

0.0 +4.0 0.20 0.04

+4.0 +6.0 0.04 0.04

+6.0 +8.0 0.04 0.06

+8.0 +12.0 0.06 0.25

Table 6. Final Y Zoning

Ylow ‘high Aylow “high

+1.000 +10.287 0.40 0.04

+10.287 +10.927 0.04 0.04

+10.927 +14.000 0.04 0.18

Table 7. Final Z Zoning

%OW ‘high Azlow Az~gh

+0.0 +1.0 0.04 0.04

+1.0 +3.0 0.04 0.08

+3.0 +9.0 0.08 0.35

All materials were treated using a linearly-elastic perfectly-plastic model of material
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strength with a von Mises yield surface. Principal stress was used to trigger the void

insertion fracture model for all materials. The projectile was treated as 1100-0 aluminum

alloy. The bumper was treated as an 6061 -T6 aluminum alloy. The rear wall was treated as

an 22 19-T87 aluminum alloy. Table 8 lists the yield and tensile strengths and densities for

the three aluminum alloys considered here. The values chosen for these simulations were

not taken from a specific reference, but was chosen based on the collective experience of

several analysts and are felt to be appropriate for the simulations. The values that were used

reflect the well known increase in yield 11’12and fracture strength in a dynamic loading

environment.

Table 8. Strength Parameters used for CTH Simulations

Aluminum Static Yield
Dynamic Fracture

Yield Strength
Density

Type (dynes/cm2)
(dynes/cm2) (dynes/cm2)

@n/cm3)

1100-0 3.4x 108 1.OX1O9 1.0X109 2.712

6061-T6 2.8x109 5.OX1O9 11.OX1O9 2.712

2219-T87 3.9X109 7.OX1O9 15.OX1O9 2.851

The projectile and bumper were represented by the equation-of-state developed by

Kerley 13 and validated against experimental data for pressures below 80 GPa. The 2219

form of aluminum was also represented by the same equation-of-state with an adjustment

made to reflect the higher initial density of the 22 19-T87 aluminum alloy. This form of the

equation-of-state for aluminum is considered to be one of the best available to represent the

solid-liquid and liquid-vapor phase changes.

CTH Results

Normal Impact

The six axisymmetric simulations were run to problem times of 25 to 30 p,s, depending on

the impact velocity. In all cases, at the end of the computational record, the debris cloud

was examined to determine the potential for further damage to the rear wall. It was

determined that the debris cloud created from the initial impact had completely interacted

with the rear wall and had rebounded. Due to these facts, it is felt that no further damage to

the rear wall by the debris cloud can be expected from the impact. That does not preclude

a late time structural failure due to the impulse of the debris impact. Hydrodynamic codes

like CTH are not generally capable of accurately determining late time structural effects

which are dominated by the details of the material strength models.

20



CTH Results

Using the results of the CTH simulations, a determination of penetrationho-penetration
was made. Table 9 lists the results of this determination. Since the projectile diameter

Table 9. CTH Penetration Predictions for the Axisymmetric
Simulations

CTH Model Ballistic Limit Curve
Velocity Diameter Penetration
(km/s) (cm) YrN

na8-w WWcinson 8.0 0.80 Y

na8-mcp tour-Palais 8.0 0.70 N

nalo-w WWinson 10.0 0.78 Y

nalo-mcp Cour-Palais 10.0 0.62 N

na12-w WWinson 12.0 0.73 N
1 1 ,

na12-mcp tour-Palais 12.0 0.54 N

chosen was taken from the respective ballistic limit curve, one would expect the CTH
penetration predictions would scatter about both curves.

The debris clouds were examined to estimate the thermodynamic state of the debris cloud.
Table 10 lists the mass percentages in the liquid state (960 K> T <2700 K) and the vapor
state (T > 2700 K) for the projectile and bumper material in the debris cloud. These
estimates were taken just prior to impact by the debris cloud on the rear wall. An inspection

Table 10. CTH Estimates of the Thermodynamic State of the Debris Cloud

CTH Model
% Solid % Liquid % Vapor % Solid % Liquid Yo vapor
Bumper Bumper Burnper Projectile Projectile Projectile

na8-w 21 77 2 67 33 0

na8-mcp 26 73 1 36 64 0

na10-w 12 88 0 35 65 0

na10-mcp o 100 0 35 65 0

na12-w o 83 17 26 35 39

na12-mcp o 83 17 37 41 12

of Table 10 indicates that the vapor percentages increase as the impact velocity increases,
as anticipated.

Finally, the next series of figures shows a representation of the debris cloud and the
terminal rear wall damage for each of the CTH simulations. Each simulation is represented
by three figures, the frost image is taken at -4 cm behind the bumper, the second image is
taken just before impact with the rear wall, and the third image is taken at the end of the
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computational record if the rear wall is not perforated or just after perforation of the rear
vail. Figures 7 through 24 display the same information, the right side of the frame contains
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Figure 7. The na8-w CTH Simulation Halfway Between the Bumper and Rear Wall

a representation of the density. The cell density is scaled by the “density” of dots as
represented in the legend in each frame. In addition, the “interface” lines are also drawn,
the “interface” is defined to be a contour line (value = 0.5) of the volume fraction for each
material. On the left side of the frame, only the “interface” lines are drawn. The apparent

cross-section displayed in the above and following figures is an artifact of the graphics
package, that is, the combination of right and left side information in the same frame, and
not a true cross-section of a debris cloud.

The debris clouds are very similar for the six simulations considered here. All show roughly
spherical propagation fronts with the spray angles ranging from -40° to -45°. The most

significant difference correlates with the vaporfliquid percentages from Table 10. As the
impact velocity increases, the vapor content of the projectile material increases. This can
be seen in the difference in the interface lines for Figures 8 and 20. In all cases, the debris
cloud has the original bumper material on the leading edge. This feature is most evident in
Figures 8, 11, 14, 17, 20, and 23. The original bumper material tends to form “fingers”
(see A in Figure 8) in the direction of motion, this is due to the aspect ratio of the zoning in
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Figure 8. The na8-w CTH Simulation Just Before Rear Wall Impact

the region between the bumper and rear wall. Analyses of other simulations indicate that
the aspect ratio of zones in the intermediate region do not significantly affect the terminal
rear wall damage.
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Oblique Impact
The next series of figures shows a representation of the debris cloud and the terminal rear
wall damage for the single oblique CTH simulation. As noted in the previous section, the
3D simulation was completed using the rezoning feature of CTH to reduce the number of
zones required. Figure 25 displays a linear-density representation of the debris cloud
shortly (2 W) after impact with the bumper shield, The linear-density along the line of sight,
a computational representation of the same information available in a radiograph, is shown
here as a “dot-densitv” olot. A 3D DersDective view of the same information is urovided in.. ---— ---- -- .--.-, =-_..-––_ =-. –=---- - ,
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Figure 25. Computational Radiograph of CTH Simulation na12-ob at 2 p.s

Figure 26. An inspection of Figures 25 and 26 indicates that a substantial percentage of the
mass of the projectile is ejected laterally and never perforates the bumper. Calculational
results also show that the debris cloud is composed of both bumper and projectile material
with the highest density region consisting of predominately projectile material (location A
in Figure 25).
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CTH Results

Figure 26. 3D Perspective View of CTH Simulation na12-ob at 2 ps

Similar information is provided as the debris cloud approaches the rear wall in Figure 27.
Again, the linear density is displayed as “dot-density;;plot, the contour lines in Figure 27
are the material interfaces. The material interface lines represent that area in the cross-
section where the volume fraction exceeds 0.5. This simulation was terminated at -21 W.
At this time, the majority of the debris cloud had impacted the rear wall and was rebounding
back towards the bumper shield. Figure 28 displays a similar a 3D perspective view of the
same information.

Figure 29 shows the terminal damage, as represented by the linear-density, to the rear wall.
Very little deformation and or pitting is predicted by CTH for this particular impact. This
is due to the relatively small amount of projectile mass that perforates the bumper.
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Figure 28. 3D Perspective View of CTH Simulation na 12-oh at 11 IAS
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Conclusions

Conclusions

The simulations described in this report were completed for two principal reasons. The frost
reason was to demonstrate the feasibility of completing 2 and 3D simulations of debris
cloud formation and the subsequent loading on the rear wall by the debris cloud. The
information contained in this report demonstrates that these simulations are feasible and
can be completed in a reasonable amount of computer time. The average run time for the 6
axisymmetric simulations was -3.5 hours time on a Cray YMP8/64. The single 3D
simulation required -45 hours time on a Cray YMP8/64. The ratio between the 2 and 3D
run times is typical for problems of this magnitude.

The second reason for the simulations was to compare the analytic ballistic limits with the
hydrocode results. Neither the analytic approximations nor the hydrocode models have
been validated over the velocity range of 7 k.mls to 12 km/s, primarily due to lack of
experimental capabilities to launch the prerequisite size particles over that velocity range.
So the comparison is between two (hydrocodes and analytic extrapolations) different
techniques, neither of which has been extensively validated with experiment. However, the
comparison is still interesting. Figure 30 shows the Wilkinson and Cour-Palais analytic
curves over the 8 to 12 km/s velocity range with the CTH no-perforation/perforation
locations noted by open circles and crosses, respectively. A very small number of C’IT
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Figure 30. A Comparison of CTH and Analytic Ballistic Limits
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simulations we~ completed for this report and it is not possible to make an estimate of the
sensitivity of the predictions on zone size, equations-of-state, strength models, or mesh
refinement. Because of these limitations, no exact estimate of error can be placed on the

CTH predictions. However, CTH has been shown 14$15’16to match experimental results to
within - 10% on properly characterized simulations covering a wide range of phenomena.

Given the limited number of CTH points, the CTH determined ballistic limit lies between
the two analytic estimates for velocities at or below 10 km/s. However, it appears that the
CTH determined ballistic limit lies above both analytic estimates for velocities above
10 km/s. This maybe due to the relatively short times considered in the CTH simulations.
At high impact velocities, the loading on the rear wall is dominated by a time and space
distributed impulse due to the high vapor content of the debris cloud. As the impact velocity
increases, the amount of vapor increases (see Table 10). The loading produced by a debris
cloud composed principally of vapor is significantly different than that of condensed phase
matter. The damage produced in the rear wall is predominately bulging deformation. In
addition, the rear wall is given a translational velocity. This later effect is due to inability
to fix the edges of the computational rear wall. Even though there is no short time
perforation due to the debris cloud impact, it is quite possible that a late time structural
failure would occur due the bulge deformation. CTH will not model the late time structural
failure due to time dependent loading.

At velocities below 8 km/s, CTH has been shown to correlate well with experiment17.
Using a series of well characterized experiments, CTH was systematically compared to the
experimental results. For a velocity range of 3 - 7 km/s, CTH predicted hole size in
perforation events to within 10%. In addition, two data points exist for velocities near
10 km/s. CTH has been compared to the -10 km/s impact experiments that were done at

*8 As for the lower velocity range, CTH hasthe Sandia HyperVelocity Launch Facility .
shown reasonable correlation with the experimental results near 10 km/s. Given the
validation (although limited) of CTH for this class of impacts, the results noted in this
report are indicative of potential trends in bumper shield phenomena. It is important to note
that the analytic ballistic limit curves represent extrapolations from low velocity data and
have not been validated above -7 km/s.

The calculations described in this report demonstrate the feasibility of performing 2 and 3D
simulations of orbital debris impacts on Whipple type shields. In addition, the correlation
between analytic estimates of the ballistic limits of Whipple type shields and CTH
estimates is reasonable given the experimental uncertainties of hypervelocity impacts on
such shields.
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Sample CTH Input Deck for Axis-Symmetric
Simulation

*eor*genin
*

MSFC Simulation na10-w 10krn/s impact
*

control
ep
mmp

endcontrol
*

mesh
block 1 geom=2dc type=e

Xo 0.0
xl w=2.0 dxf=O.015 dxl=O.O15
x3 w=7.O dxf=- 1.0 dxl=O.400
x4 w=5.O dxf=-1.O dxl=O.800

endx

yo -1.0
y 1 w=l .0 dyf=O.03 dyl=O.015
y2 w=l.O dyf=-1.O dyl=O.015
y3 w=5.O dyf=- 1.0 dyl=O.075
y4 w=5.O dyf=- 1.0 dyl=O.015
y5 w=3.O dyf=-1.O dyl=O.015

endy

xact = 0.0 0.5
yact = -0.5 0.0

endb
endmesh
*
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insertion of material
block 1

package ‘aluminum sphere Al 1100-0’
material 1
numsub 50
yvel 10.0e5
insert circle

center 0.0-0.39
radius 0.39

endinsert
endpackage
package ‘aluminum bumper Al 6061-T6’

material 2
numsub 10
insert box

xl 0.0x2 10.0
yl 0.0 y2 0.127

endinsert
endpackage
package ‘aluminum hull Al 2219-T87’

material 3
numsub 10
insert box

xl 0.0 x2 10.0
yl 10.287 y2 10.6045

endinsert
endpackage

endblock
endinsertion
*

eos
matl sesame eos=205 fees= ’/usr/community/gkerley/b2O5’
mat2 sesame eos=205 fees=’/usr/community/gkerley/b2O5’
mat3 sesame eos=205 fees= ’/usr/community/gkerley/b2O5’ sr=O.947

endeos
*eor*cthin
*

MSFC Simulation nal O-w 10km/s impact
*

control
t.stop = 25.Oe-6
cpshift = 600.0
ntbad = 100000

endc
*

convct
convection = 1
interface = high

endc
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*

edit
shortt

time = 0.0, dt = 1.0
ends

longt
time = 0.0, dt = 1.0

endI

histt
time = 0.0, dt = 1.0

endh
*

plott
time = 0.0, dt = 1.Oe-6

endp
ende
*

epdata
matep=l, yield=l .0e9, poisson=.333
matep=2, yield=5.0e9, poisson=.333
matep=3, yield=7.0e9, poisson=.333
mix=3

ende
*

fracts
stress
pfrac 1-1 .0e9
pfrac2 -11 .0e9
pfrac3 -15.0e9
pfmix -1 .0e9
pfvoid -1 .0e6

endf
*

boundary
bhydro

block 1
bxbot = O , bxtop = 1
bybot = 2,, bytop = 2

endb
endh

endb
*

mindt
time=O. dt= 1.e-12

endm
*
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discard
mat 1 pressure 1.0e6 density -0.0001
mat 2 pressure 1.0e6 density -0.0001

enddiscard
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CTH Input Deck for Three-Dimensional Simulation

*eor*genin
*

3d spherical impactor at 45 degrees v=12.O d=0.54
*

control

usessd
ep

mmp

endcontrol
*

mesh

block 1 geom=3dr type=e

xO=-8.O

xl w=6.00 dxf=0.350 dxl=O. 100
x2 w=l .60 dxf=-1.O dxl=0,030

x3 w=O.80 dxf=-1 .0 dxl=O.030
x4 w=l.60 dxf=-1 .0 dxl=o. 100

x5 w=6.00 dxf=- 1.0 dxl=O.350

endx

ye=- 1.0
yl w=O.40 dyf=O.070 dyl=O.055

y2 w=O.60 dyf=-1.O dyl=O.03 1

y3 w=(). 124 dyf=-1.Odyl=O.031

y4 w=5.076 dyf=-1.O dyl=O.250

y5 w=5.087 dyf=- 1.0 dyl=O.040

y6 w=O.64 dyf=-1 .0 dyl=O.040

y7 w=2.00 dyf=-1 .0 dyl=o. 100

endy
Zo=o.o

Z1 w=0.42 dzf=0.030 dzl=O.030

22 w=l .60 dzf=- 1.0 dzl=O. 100

Z3 w=6.00 dzf=- 1.0 dzl=O.350

endz
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xact = -0.5,0.5
yact = -0.6,0.2

Zact = 0.0,0.5

endb
endmesh

insertion of material

block 1

package ‘aluminum sphere AI 11OO-O’

material 1

numsub 50

velocities xvel 8.48528e5

velocities yvel 8.48528e5

insert sphere

center 0.0, -0.27, 0.0

radius 0.27

endinsert

endpackage

package ‘aluminum bumper Al 6061-T6’

material 2

numsub 10

insert cylinder

ce 10.0, 0.000, 0.0
ce2 0.0, 0.127, 0.0

radius 12.0

endinsert

endpackage

package ‘aluminum hull Al 2219-T87’

material 3
numsub 10

insert cylinder

cel 0.0, 10.2870, 0.0

ce2 0.0, 10.6045, 0.0

radius 12.0

endinsert
endpackage

endblock
endinsertion

54



eos

mat 1 sesame eos= 105 fees= ’/usr/community/gkerley/b 100’

mat2 sesame eos= 105 fees= ’/usr/community/gkerley/b 100’

mat3 sesame eos= 105 fees=’/usr/community/gkerley/b 100’ SI=O.947

endeos

*eor*cthin
*

* title record
*

3d spherical impactor at 45 degrees v=12.O d=0.54
*

control

usessd

tstop = 12.Oe-6

cpshift = 600.

ntbad = 100000

endc
*

convct

convection = 1

interface = high

endc
*

edit

shortt
tim = 0.0, dt = 1.0

ends

longt

tim = 0.0, dt = 1.0

endl
*

plott

tim = 0.0, dt = 1.Oe-6

endp

ende
*

epdata
matep=l , yield=3.0e8 , poisson=.333

matep=2 , yield=3.0e9 , poisson=.333
matep=3 , yield=5.0e9 , poisson=.333

mix=l

ende
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*

fracts

stress

pfracl -3.0e9

pfrac2 -11.0e9

pfrac3 -15.0e9

pfrnix -1.0e9

pfvoid - 1.0e6

endf

boundary

bhy

bl 1

bxb=2, bxt=2

byb=2, byt=2

bzb=O, bzt=2

endb

endh

endb

*

mindt

time = O. dt = 1.e-12

endm

*

discard

material 1 density=l .Oe-4 pressure=l .0e6

material 2 density=l .Oe-4 pressure=l .0e6

material 3 density=l .Oe-4 pressure= 1.0e6

ton=25.Oe-6

enddiscard
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